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Although percutaneous transluminal balloon angio-
plasty (PTCA) is now widely applied for treatment of
coronary artery disease, our knowledge concerning
the mechanism of angioplasty is limited and is
mainly derived from in vitro studies.* Intracoro-
nary ultrasound (ICUS) offers a unique opportunity
to study plaque composition in vivo, with a good cor-
relation between ultrasonic and histologic plaque
characteristics®” and to measure the changes in lu-
men and plaque area before and after coronary
interventions.®® The elucidation of the operative
mechanisms of PTCA in plaques with different pre-
procedural composition may lead to a targeted strat-
egy for treatment of individual stenosis. In this
study, serial ultrasound examinations were per-
formed before and immediately after PT'CA to assess
the relations between lesion composition and distri-
bution and mechanism of acute lumen enlargement
after PTCA.

METHODOLOGY

Study group. Seventy-seven primary lesions in 77
patients (66 with one-vessel disease and 11 with
two-vessel disease) treated with PTCA were exam-
ined in this study. The 62 men and 15 women ranged
in age from 29 to 77 years (mean 58.1 = 10.8 years).
Forty-two (54.5%) patients were treated because of

From the Intracoronary Imaging Laboratory and Cardiac Catheterization
Laboratory, Thoraxcenter.

Dr. Gil is the recipient of the European Society of Cardiology Training Fel-
lowship, 1994 (Sophia Antipolis-Nice). Dr. von Birgelen is the recipient of
a Fellowship of the German Research Society (Deutsche Forschungs
Gemeinschaft, Bonn).

Received for publication April 26, 1995; accepted June 8, 1995.

Reprint requests: Patrick Serruys, MD, PhD, Cardiac Catheterization
Laboratory, Division of Cardiology, Thoraxcentre, BD 376, Erasmus Uni-
versity, P.O. Box 1738, 3015 GD Rotterdam, The Netherlands.

Am HearT J 19986;131:591-7. ’

Copyright © 1996 by Mosby—Year Book, Inc.

0002-8703/96/$5.00 + 0 4/1/69491

Table I. Demographic and angiographic characteristics of
the study patients.

Patients/lesions 777
Gender (M/F) 62/15
Mean age (yr; range) 51.8 = 10.8 (29-77)
Previous MI 8 (10.4%)
Diabetes mellitus 7(9.1%)
Hypercholesterolemia 22 (28.6%)
Single/multivessel disease 66/11
Coronary syndrome

Stable/unstable 35/42
Vessel dilated

LAD 37

LCX 17

RCA 23

LAD, Left anterior descending artery; LCX, left circumflex artery; RCA,

right coronary artery.

unstable angina pectoris. An angiographically suc-
cessful result («<50% residual diameter stenosis mea-
sured with on-line quantitative angiography) was
achieved in all patients. PTCA was performed in 37
left anterior descending artery lesions, 17 circumflex
artery lesions, and 23 right coronary artery lesions.
All patients signed a written informed consent form
approved by the Medical Ethical Committee, Eras-
mus University/Dijkzigt Hospital. Basal demo-
graphic and angiographic characteristics are shown
in Table I.

Angiographic assessment. Baseline angiograms
were recorded in multiple views separated at least by
30 degrees of angulation before and after PTCA. An
intracoronary bolus of isosorbide dinitrate (1 to 3 mg)
was injected immediately before angiography. Quan-
titative coronary arteriography was performed with
a previously described computer-assisted automatic
quantitative analysis system (CAAS, PieData, Maas-
tricht, The Netherlands).'® The presence or absence
of calcium by fluoroscopy was noted. The presence
and characteristics of angiographic dissections were
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TA=13.7 mm?
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TA=14.8 mm?
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Fig. 1. Cross-sectional ultrasound images of target stenoses in left anterior descending coronary arteries
classified as soft (top) and mixed (bottom) before (left) and immediately after PTCA (right). Lumen area
corresponds to black central area; total area is contoured in white. Corresponding measurements (square
millimeters) are reported below images. Note relatively bigger increase in total vessel area and practically
no change in plaque area (calculated as difference between total vessel area [TA] and lumen area [LAJ)

in mixed lesion in comparison to soft one.

defined according to the criteria of the National
Heart, Lung, and Blood Institute PTCA Registry.!
Ultrasound assessment. ICUS examinations were

performed before and after PTCA with a 4.3F or 2.9F

mechanical ultrasound catheter operating at 30
MHz (CVIS, Sunnyvale, Calif.). The imaging probe
was positioned distal to the target stenosis, and a
manual continuous pullback was performed to ob-
tain an initial assessment of the lesion. In 27 (35.1%)
patients, a second withdrawal of the ultrasound
catheter was performed with a motorized pullback
device at a constant speed of 1.0 mm/sec. By using
reproducible anatomic landmarks (side branches or
calcifications), comparable cross-sectional slices

within the treated segment could be obtained before
and after PTCA. There were no complications related
to ultrasound imaging.

Ultrasonic image analysis. Qualitative and quanti-
tative characteristics of the ultrasonic images were
assessed by a consensus of two experienced observ-
ers. The plaque classification was based on its prev-
alent composition. Four types of plaque were distin-
guished: soft plaque: >80% of the plague area is
composed of tissue with an echogenicity lower than
the echogenicity of the adventitia (arc of lesion
calcium <90 degrees); fibrous plaque: >80% of the
plaque area is composed of tissue, producing echoes
as bright or brighter than the adventitia but without
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Table H. Plaque composition and procedural variables
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Plaque Inflation time Maximal BA pressure ICUS presence of wall disruption
type n (sec) (atm) BA/A ratio fracture/dissectiont

Soft 42 332.2 + 203.7 9.0 = 3.15 1.07 = 0.23 18 (42%) 5/13

Calcific 1 414.2 = 349.9 11.3 = 3.75% 1.12 = 0.18 11 (100%)* 3/8

Mixed 24 2794 x 1845 9.81 +2.70 1.03 £ 0.11 17 (70.8%) 1/16
BA, Angioplasty balloon; BA /A, balloon/artery ratio.
*p < 0.05, calcific vs soft.
FLesions with fractures and dissections were considered only for more severe type of vessel wall disruption (dissection).
acoustic shadowing (arc of lesion calcium <90 de-  Table Ill. ICUS area measurements before and after
grees); diffuse calcified plagque: bright echoes within  balloon angioplasty
a plaque demonstrating acoustic shadowing and oc- PTCA
cupying more than 180 degrees of vessel wall cir-
cumference; mixed plaque: a plaque involving bright Parameter Before After p Value
echoes with acoustic shadowing encompassing >90
degrees but <180 degrees of veé;sel Walli) circu%nfer— LA ref (zomn’) 908304 9.29=3.03 NS

A TA ref (mm?) 17.33 £ 5.09 17.61 = 5.07 NS

ence, or a mixture of soft and fibrous plaque with PLA ref (mm?) 8.94 + 342  8.32 + 3.52 NS
each component occupying <80% of the plaque area. AS ref (%) 46.50 = 12.29 46.25 = 12.35 NS

The total circumferential calcium arc was mea- LA sten (mm®) 1.94 = 0.81 540 =159  0.000001
sured and calcium localization distinguished be- TA sten (mm2)2 1640 + 468  17.1+477 003
tween subendothelial (no plaque visible between PLA sten (mm?) 1344450 1174477 0.02

: AS (%) 86.45 + 5.99 67.21 = 8.79 0.000001

calcium deposits and lumen) and deep (calcium de-
posits central and at the base of the plaque). An ec-
centricity index was calculated as the ratio between
minimal and maximal wall thickness assessed before
PTCA (not necessarily along the same diameter).
Eccentric lesions were defined as lesions with an in-
dex <0.5.12

Total vessel area was defined as the integrated
area central to the medial-adventitial boundary. The
boundary between the lumen and intima (leading
edge) was used to define the lumen area. In case of
wedging of the ultrasound probe in the stenosis be-
fore PTCA, a cross-sectional area of 1.61 or 0.72 mm?
of the 4.3F and 2.9F ultrasound probes, respectively,
was used. Plaque area was defined as the difference
between total vessel and lumen area.!® Fig. 1 pre-
sents measurements performed before and after
PTCA in soft (top) and mixed lesions (bottom).

The presence and characteristics of wall disrup-
tion after PTCA were classified according to previ-
ously described criteria.12 Plaque fracture was clas-
sified as a rupture in a radial direction, and wall
dissection was defined as a plaque rupture in a tan-
gential direction. The presence of blood speckles in-
side the newly formed lumen and the effect of vigor-
ous flushing with contrast medium or saline were
used to distinguish artifacts from true wall disrup-
tions.

Statistics. Data are presented as mean = SD. A
two-tailed Student’s ¢ test for paired data was used
to compare differences in the parameters character-

LA, Lumen area; ref, reference segment; TA, total vessel area; PA, plaque
area; AS, percentage area of stenosis; sfen, stenosis.

izing the mechanisms of acute results after PTCA
according to preintervention plaque composition and
presence of fracture/dissection after PTCA. A chi-
squared test was used to compare differences among
qualitative variables. Regression analysis was used
to assess the correlation between quantitative ultra-
sonic measurements and acute changes after PTCA.
A p value of <0.05 was considered to be significant.

OBSERVATIONS

Procedure. There was no significant difference in
terms of balloon/artery ratio and time of balloon in-
flation among plaques of different ultrasonic charac-
teristics. However, a trend toward longer duration of
balloon inflation and significantly higher balloon
pressure was found for diffusely calcified lesions
(Table II). No clear influence of balloon/artery ratio,
time of balloon inflation, and maximal balloon pres-
sure on vessel lumen and plaque after PTCA was
found. Only significant correlations between balloon/
artery ratio, and postprocedural total vessel and
plaque areas changes were found for mixed lesions
(r =-0.58 and r = 0.61, respectively, p < 0.05).

Angiographic analysis. Calcium was identified in
the target stenosis by angiographyin 8 (10.4%) cases.
The preprocedural minimal lumen diameter and
percent area stenosis (1.11+0.3 mm and
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Fig. 2. Lumen area (LA), total area (TA), and plaque area (PLA) changes from before to after PTCA are
distinguished according to prevalent plaque composition. Although no significant differences in acute lu-
men gain were observed, soft plaques (black bars) appear to have larger plaque reduction and smaller ves-
sel expansion compared with mixed (light gray bars) and calcific (dark gray bars) plaques.
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Fig. 3. Lumen, plaque, and total area changes from before to after PTCA in arteries with total arc of le-
sion calcium >90 degrees (gray bars) and =90 degrees (black bars). Note significantly larger increase in
total area in group, with total arc >90 degrees. Abbreviations as in Fig. 2.

82.6% = 10%, respectively) were significantly im-
proved (p < 0.00001) after PTCA (1.98 + 0.4 mm and
50.7% + 16.4%, respectively). A National Heart,
Lung, and Blood Institute Registry class B or C an-
giographic dissection was present in 17 (22.1%) of 77
patients.

Qualitative ultrasound analysis. By ultrasound, 42
(54.5%) lesions were classified as soft, none as
fibrous, 11 (14.3%) as diffuse calcific, and 24 (31.2%)
as mixed. Twenty-three (29.9%) lesions were concen-
tric. Fifty-nine (76.6%) of 77 lesions showed focal or
diffuse areas of calcification. In 21 (35.6%) cases,
calcium localization was defined as subendothelial
and in 38 (64.4%) cases as deep.

The presence of fracture and dissection was found
in 9 (11.7%) and 37 (48%) of cases, respectively. All
of the 11 diffusely calcific plaques (100%), 17 (70.8%)
of 24 mixed plaques and 18 (42.8%) of 42 soft plaques

developed fractures or dissections after PTCA (Table
II). Focal deposits of calcium were present in all but
three of the predominantly soft plaques which de-
veloped fracture or dissection after PTCA.
Quantitative ultrasound analysis. Table III reports
the changes in lumen, total vessel, and plaque areas
from before to after PTCA. Before PTCA, the ultra-
sound probe was wedged in the lesion.in 75.3% of
cases (58 of 77). After PTCA, the minimal cross-sec-
tional lumen area of the target stenosis increased
significantly for all treated lesions. Total vessel area
for the studied group increased significantly by
1.7 + 1.66 mm?, which accounts for 48.9% of the im-
mediate lumen gain. Plaque area decreased signifi-
cantly by 1.75 = 1.89 mm?, accounting for the re-
maining 51.1% of the immediate lumen gain.
There was no significant difference in acute lumen
gain according to plaque composition, although a
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smaller lumen enlargement was achieved in dif-
fusely calcified lesions than in soft or mixed lesions
(Fig. 2). A greater acute lumen gain was obtained in
concentric than in eccentric lesions (3.60 = 1.57 vs
3.37 = 1.40, not significant [NS], respectively). Post-
procedural lesion morphologic features (presence
fracture and/or dissection) could not be demon-
strated to significantly affect the mechanisms of
acute lumen enlargement. ,

In soft lesions, lumen gain was predominantly as-
sociated with plaque reduction (77.9%), whereas in
calcified and mixed lesions the main operative mech-
anism was vessel expansion (99.1% and 74.2%,
respectively, NS; Fig. 2). There was no significant
difference in acute lumen gain in plaques with sub-
endothelial and deep calcifications (3.37 *= 1.57 mm?
vs 3.55 + 1.56 mm?, respectively, NS). In the lesions
with total arc of calcium >90 degrees the main con-
tribution to post-PTCA lumen enlargement was ves-
sel expansion (79.3%). On the contrary, in lesions
with a smaller total arc of calcification, plaque
reduction (76.2%) was the predominant mechanism
(Fig. 3). The magnitude of total arc of lesion calcifi-
cation showed a positive correlation with the in-
crease in total vessel area (r = 0.45, p < 0.05) and an
inverse correlation with plaque reduction (r = —-0.50,
p < 0.05; Fig. 4, A and B, respectively).

There was no significant correlation between le-
sion eccentricity and total vessel, lumen, and plaque
area changes after PTCA for all the lesions studied.
However, a trend toward greater plaque reduction in
concentric lesions was found when concentric lesions
were compared with eccentric lesions (acute lumen
gain of 58.3% vs 48.5%, respectively).

COMMENTS

Since its introduction into clinical practice, many
theories regarding the operative mechanism of
coronary balloon angioplasty have been proposed.
Initially, compression and redistribution of the ath-
erosclerotic plaque was postulated as the main
mechanism of lumen enlargement after PTCA14 15
Histologic studies indicated that rupture of vessel
wall components and overstretching of the arterial
wall were almost invariably associated with balloon
dilatation.’ 3 For a long time these hypotheses were
based on animal studies!'® 17 or in vitro studies on
postmortem specimens.® However, plaque charac-
teristics in experimental atherosclerosis are very
different from the characteristics of human plaques
and pathologic specimens obtained from patients
with an unfavorable outcome after coronary inter-
ventions and are not representative of the entire
spectrum of morphologic changes that occur after
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Fig. 4. Plots of changes in total vessel (A) and plaque (B)
areas depending on total arc of lesion calcium. Abbrevia-
tions as in Fig. 2.

PTCA. Although coronary quantitative angiography
has been established as a gold standard for the
assessment of coronary stenosis severity, this tech-
nique has clear limitations for the assessment of
coronary interventions because the presence of com-
plex wall injury modifies the circular geometry of the
lumen, which is prerequisite for precise measure-
ments.'820 ICUS is the only coronary imaging tech-
nique that can directly study plaque composition and
distribution in vivo.% 8 Moreover, this technique is
more sensitive than angiography in the detection of
the presence of calcification and vessel wall disrup-
tion* " 2! and can quantitatively assess the changes
in lumen and plaque area before and after interven-
tions.® ® Because of these features, ICUS has the po-
tential to elucidate the mechanisms of successful
coronary intervention. Recent ICUS studies have
confirmed that PTCA induces vessel wall fractures
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or dissections in the majority of cases and that the
main mechanism of lumen enlargement is total ves-
sel area expansion.!? 22-2¢ The study of Botas et al.25
has shown that coronary distensibility increases af-
ter PTCA as a result of releasing outer vessel wall
from the cicatrizing effects of the noncompliant ath-
erosclerotic intimal plaque.

The present study has shown that vessel expan-
sion is responsible for half the lumen enlargement
after PTCA. More interesting is that, in our study a
correlation between the composition of atheroscle-
rotic plaque and mechanisms of balloon dilatation
was observed. A reduction in plaque area was the
main operative mechanism in lesions with soft
plaque, whereas expansion of the total vessel area
was the predominant mechanism of lumen area in-
crease in lesions with calcified and mixed plaques. In
particular, as shown in previous studies,®26 the
presence and amount of calcium deposits signifi-
cantly influenced the development of vessel wall dis-
ruptions. In lesions with an extensive amount of
calcium, a partial vessel rupture is essential for suc-
cessful balloon dilatation because the rigid plaque
structure does not allow compression as occurs in
the presence of thrombi or fibrofatty lesions. Qur
study has shown also that, despite a satisfactory im-
mediate postprocedural lumen gain, an enormous
residual plague burden remains that undoubtedly
contributes to the high rate of restenosis after
PTCA.% 27

Despite these different mechanisms, the final lu-
men enlargement was similar in soft and mixed le-
sions and only slightly smaller in diffusely calcified
plaques. Plaque calcification therefore appears to be
only a partial contraindication to PT'CA but does re-
quire higher balloon pressures to achieve results
comparable to the results obtained in noncalcified
plaques and is associated with a high prevalence of
wall fractures and/or dissections.

Study limitations. This study was based on the
analysis of serial cross-sectional images obtained
most often during a manual withdrawal of the ultra-
sound catheter along the vessel. The use of three-di-
mensional reconstruction of consecutive transverse
images obtained during a motorized pullback may
enhance precise morphologic classification of the le-
sion, lumen geometry, and plaque burden. It may
decrease variability of all dimensional measure-
ments. Moreover, axial plaque redistribution can be
assessed by calculating changes in plaque volume.?®

Conclusion. Plaque composition and distribution is
a major determinant of the mechanisms of PTCA.
Plaque compression and/or axial redistributionis the
main mechanism of PTCA in soft plaque, whereas
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wall disruption and total vessel expansion is pre-
dominant in mixed and calcified plaques.

SUMMARY

In this study the influence of plaque composition
on mechanism of immediate lumen enlargement af-
ter PTCA were assessed by serial ultrasound imag-
ing in 77 patients. According to the preprocedural
ultrasonic. plaque characteristics, the lesions were
classified as soft (54.5%), diffusely calcified (14.3%),
and mixed (31.2%). The total arc of calcium and
plaque eccentricity were also calculated. The mean
balloon/artery ratio was equal for all types of lesions
(1.07 £'0.19), but diffusely calcified lesions required
a higher maximal balloon inflation pressure
(11.3 = 3.75 atm vs 9.0 = 3.15 atm for calcified and
soft lesions, respectively, p < 0.05). The increase in
lumen area after PTCA was similar in soft and mixed
lesions (3.49 = 1.61 mm? vs 3.56 = 1.58 mm?2, NS)
and was slightly lower in diffusely calcified lesions
(2.97 + 1.33 mm?2, NS). Reduction in plaque area was
the main operative mechanism in lesions with soft
plaque, explaining 77.9% of the acute lumen gain.
Expansion of the total vessel area was the predom-
inant mechanism of lumen area increase in lesions
with calcified and mixed plaques (99.1% vs 74.2%,
respectively, NS). In particular, lesions with a total
arc of calcium >90 degrees showed a high prevalence
of vessel expansion as a mechanism of lumen en-
largement compared with lesions with a calcium arc
<90° (79.3% vs 23.8%, respectively, p < 0.05). In the
studied group, presence of calcification was highly
associated with wall fracture and dissection after
balloon dilatation (93.4% vs 6.6% in lesions with and
without calcifications, respectively, p < 0.05). Atrend
toward a greater degree of plaque reduction in con-
centric lesions in comparison to eccentric lesions was
observed (568.3% vs 48.5%, respectively, NS). In con-
clusion, immediate lumen enlargement after PTCA
does not differ for soft and mixed plaques. Diffusely
calcific plaques show a smaller lumen enlargement
despite a higher balloon inflation pressure. Plaque
compression or axial redistribution is the main oper-
ative mechanism of PTCA in soft plaques, whereas
an increase in total vessel area determines the lumen
enlargement in mixed/calcific plaques. Plaque frac-
ture or wall dissection is almost invariably associ-
ated with presence of plaque calcification.
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